A compact S-tapered fibre biosensor functionalised with class I hydrophobin HGFI found in Grifola frondosa has been proposed for the first time to accrue label-free detection of reaction between goat-anti-rabbit immunoglobulin G (IgG) (GAR, antibody) and rabbit-antihemagglutinin IgG (R, antigen). The HGFI nanolayer self-assembled on fibre surface provides a distinguished analytical platform to implement biocompatible binding owing to its prominent amphiphilicity and remarkable optical as well as biochemical properties. Water contact angle measurements, atomic force microscopy, and immunofluorescence assay are utilised to characterize the modification properties of siliconised substrate surface with HGFI. Functionalisation of the S-tapered fibre is achieved by exploiting self-assembly of HGFI and immobilisation of GAR for specific R detection. HGFI with a concentration of 300 μg/ml allows the formation of a self-assembled amphipathic film on fibre surface, which can adsorb antibody smoothly with such desirable merits as ease of operation, fast response, good stability, good repeatability, and no side effects. Immunoassay experiments are conducted based on dip wavelengths interrogation of the interferometric transmission spectrum. In this study, we propose a novel antigen detection scheme, which could be extended for the detection of other biomolecules owing to its high integration, good specificity, real-time detection, and simple detection scheme.
Introduction
Optical biosensors have attracted great attention due to their various applications in medical and healthcare diagnostic, biomolecular interaction detection, environmental monitoring, and so on [1] . Optical fibre sensors based on different sensing mechanisms such as fibre grating sensors [2] , interferometers [3] , evanescent-field fibre sensors [4] , and surface plasmon resonance (SPR) sensors [5, 6] could be used for biological detection owing to their desirable advantages such as small and flexible shape, low sample consumption, good specificity, low-cost fabrication, and rapid and sensitive detection in real time [7, 8] .
In particular, optical fibre sensors have also been used as immunosensors to detect antibody-antigen reaction [9] [10] [11] . Liu et al. [9] proposed a graphene-oxide nanosheets-functionalised long-period grating sensor for monitoring the antibody-antigen reaction between immunoglobulin G (IgG) and anti-IgG. Lu et al. [11] measured the concentration of infliximab (IFX) in 100-fold diluted serum, plasma, and whole blood by employing an anti-IFX modified fibre-optic surface plasmon resonance biosensor. The S-tapered fibre interferometers have been used for the measurement of temperature [12] , strain [13] , refractive index (RI) [14] , and humidity [15] , as well as other physical parameters. And owing to their compact structure, ease of fabrication, and low cost, S-tapered fibres have great potential in monitoring antibody-antigen interactions.
In the current fibre biosensor designs, almost all of the fibres need to be functionalised before the specific biomolecule detection in order to immobilize the probe molecules on the fibre surface. Various methods have been proposed, such as electrostatic incorporation method using poly-l-lysine with the positive charges of amino group [3, 16] , physisorption method by gold nanoparticles [17, 18] , covalent binding by silanisation [9, 19] , and so on.
Hydrophobins are small-molecular-weight proteins with unique properties produced by filamentous fungi [20] . They are known as one group of surface-active protein that have both hydrophobic and hydrophilic parts as amphiphiles [21] . Distinguished by the hydropathy patterns and biophysical properties, hydrophobins can be divided into class I and class II [22] . In general, films formed by class I hydrophobins are more stable and insoluble compared with class II [23] . An 8-kDa HGFI was first identified in the edible mushroom Grifola frondosa, showing remarkable surface activity and stability. These proteins could form a self-assembled amphipathic film at hydrophilic/ hydrophobic interfaces and change the wettability of different surfaces where they are attached. Hydrophobin assemblies offer a universal and straightforward approach for immobilisation of enzyme [24] , cell [25, 26] , and proteins [27] in diversified electrochemical sensors [28, 29] and optical biosensor [30, 31] . Due to their unique features such as self-assembly, amphipathy, biocompatibility, stability, and homogeneity, hydrophobins are promising for applications in the fields of drug delivery [32] , biological sensing [24, 33] , food sector [34] , especially in the modification of various materials [27] , and so on. Therefore, the self-assembly HGFI nanofilm could be utilised as a potential biochemistry platform for detection of biomolecules.
In this article, we present an S-tapered fibre-optic biosensor with HGFI coating as the linking intermedium for real-time label-free detection of reaction between goat-anti-rabbit IgG (GAR) antibody and rabbit-antihemagglutinin IgG (R) antigen. It is the first time that HGFI has been combined with optical fibres and used as one new kind of functional reagent with the advantages of ease of operation, fast reaction, strong bonding force, and no side effects to the biological samples. Both of the surface functionalisation and antigen-antibody reaction processes have been experimentally investigated based on wavelength interrogation of the interferometric spectrum in real time.
Experimental setup 2.1 Strains, plasmid, and reagents
The Pichia pastoris strain GS115 and plasmid pPIC9K are purchased from Invitrogen (Beijing, China). All restriction enzymes, DNA polymerase, DNA marker, and protein markers are purchased from TaKaRa (Dalian, China). Expression plasmid pPIC9K-hgfI is prepared in our laboratory, which is constructed to promote the cloning of HGFI gene. Goat-anti-rabbit IgG fluorescein isothiocyanate (FITC) that serves as antibody is obtained from Bioss, and R that serves as antigen is acquired from Santa Cruz Biotechnology. Besides, goat-anti-mouse IgG FITC (GAM) employed as mismatched antigen to evaluate the specificity feature of the proposed biosensor is produced by TransGen Biotech. Goat-anti-rabbit IgG, R, and GAM are all dissolved in phosphate-buffered saline (PBS) solutions (pH 7.4), and their respective concentrations are 4, 1, and 1 μg/ml. Figure 1 depicts the key steps in expression, purification, and identification of HGFI. Specifically, the recombinant plasmid pPIC9K-hgfI is constructed by inserting HGFI gene into the pPIC9K cloning vector, as shown in step (A). In step (B), recombinant plasmid is transformed into P. pastoris GS115. Afterwards, the gene containing HGFI is integrated into P. pastoris genome DNA, as shown in step (C). Then, transformed colonies are isolated by histidine-deficient minimal dextrose medium.
Protein production, purification, and identification
Step (D) indicates that positive transformed colonies are selected and cultured in buffered minimal methanol medium by shaking flask for scale-up. Next, the final products are purified by ultrafiltration and reverse-phase highperformance liquid chromatography as described by Wang et al. [35] . The expression of HGFI was determined by using 12% tricine-sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis, as shown in step (E). Finally, the purified HGFI was dissolved in distilled water to reach a concentration of 300 μg/ml for successive experiments.
Contact angle assay
The capacity of HGFI to alter surface hydrophobicity is confirmed by measuring water contact angle (WCA).
In this work, the WCA of bare and HGFI-coated ordinary glasses are measured by using the KSV Contact Angle Measurement System with a 5 μl water droplet on the protein-coated side of glass slide.
Atomic force microscopy measurement
Freshly cleaved mica substrate is used to observe the selfassembled characteristic of HGFI by using an atomic force microscopy (AFM) (Bruker, Germany). Mica is coated with 50 μl of low-concentration HGFI solutions (100 μg/ml) and incubated overnight under room temperature. Dry sample is imaged by the AFM operating in tapping mode.
Immunofluorescence assay
To prove the adhesion capacity of HGFI and the feasibility of the modification procedure, a verification test is carried out. Goat-anti-rabbit IgG antibody labelled with FITC is employed to form a fluorescence assay based on the single-mode fibres (SMFs) with or without HGFI modification. Figure 2A shows the schematic experiment setup of the GAR-R interaction detection system based on S-tapered fibre. The S-tapered fibre sensing region is packed in a microfluidic capillary channel, and all the samples are injected by syringes. Light from a broadband source (wavelength ranges from 1250 to 1640 nm) is launched into the S-tapered fibre, and the transmission spectrum is monitored by an optical spectrum analyser (Yokogawa AQ6370C, operation wavelength ranges from 600 to 1700 nm with a resolution of 0.05 nm) in real time. The S-tapered fibre is fabricated by off-axis tapering the SMFs using a commercial fusion splicer. The microscopic image of the S-taper fibre is shown in Figure 2B . The waist diameter, axial offset, and total length of the S-tapered fibre are 51.53, 50.73, and 510.08 μm, respectively. As shown in Figure 2A , cladding modes sensitive to external environment will be excited at the first coupling region of the S-tapered fibre on account of the presence of bending sections. The input light would propagate along different paths until they arrive at the output port taper; thus, interference between cladding modes and core mode would occur. The output light intensity could be expressed as follows [15] :
Fibre-optic sensor configuration and principle
where I co and I cl refer to optical intensity of the core mode and high-order modes, respectively; λ is the optical wavelength; Δn eff is effective RI difference between the fundamental core mode and the cladding modes; and L is the length of the S-tapered fibre. The mth attenuation dip wavelength λ m could be expressed as
where m is the interference order. Figure 3A and B give the simulation results based on beam propagation theory to describe the light beam characteristics of the S-tapered fibre in air and biological solution environments, respectively, which are in good agreement with the above theoretical analysis. Moreover, it is obvious that the light confinement capability of the fibre cladding gradually weakens with the increment of surrounding RI. Figure 3C shows the simulated as well as experimentally acquired transmission spectra of the S-tapered fibre. It could be seen that the dip wavelengths of simulated transmission spectrum are basically in accordance with the experimental measurement results. The transmission loss difference between the simulation and experimental results is mainly due to experimental loss and the deviation of simulation parameters from actual geometrical values, which is not that important for our proposed sensor based on intensity interrogation.
Surface modification of S-tapered fibre
The whole procedure of the fibre surface modification and antigen detection is shown in Figure 4 . The fibre surface can be regarded as a hydrophobic surface, where HGFI can form self-assembled nanolayer to realize fibre surface hydrophobic modification. Distilled water is used to remove the redundant HGFI after reaction for 15 min.
Immobilisation of GAR antibody
The HGFI-modified S-tapered fibre is immersed in GAR antibody solution (4 μg/ml in PBS) for 2 h to bind the antibody to the fibre surface via hydrophobic interaction. Subsequently, the nonbound GAR antibodies are washed away by PBS solutions.
R antigen detection
The S-tapered fibre with HGFI and GAR antibody on the surface forms a sandwich-like coating for the detection of R antigen. After the S-tapered fibre is immersed in R antigen solution (1 μg/ml in PBS) for 90 min, the washing procedure is repeated as described earlier with PBS solutions.
Sensor specificity and repeatability assessment
To confirm whether the spectral shifts are caused by the interaction between GAR and R for the evaluation of the sensor specificity, another S-tapered fibre with similar geometrical parameters is fabricated and exposed in air, PBS solution, and GAM antigen solution (1 μg/ml in PBS), respectively.
To investigate the repeatability and reproducibility of the proposed sensor, we have also fabricated an additional S-tapered fibre with similar geometrical parameters. Likewise, immune experiments are performed using this optical fibre sensor.
Experimental results and discussion

Identification of HGFI
As shown in Figure 5A , the purified HGFI was identified through silver-stained SDS-PAGE and Western blotting analysis. Lane 1 in Figure 5A reveals that the purified HGFI mainly possesses a band with a molecular weight of about 16 kDa, as reported in our previous study [36] , and the 72-kDa bands are the likely oligomer of this protein.
Meanwhile, Western blotting shows that HGFI could specifically bind with anti-HGFI antibody, which indicates that HGFI is pure enough to be used in the surface modification experiments. 
WCA measurements
Surface modification properties are among the most important characteristics of HGFI. Changes in the surface hydrophilicity of hydrophobic glass are analysed based on WCA measurements, as shown in Figure 5B and C. The WCA of ordinary bare glass is about 42° that is decreased to 18° after treatment with HGFI, suggesting that HGFI enhances hydrophilicity of the glass surface. In this case, the hydrophobic surface of silica optical fibres tends to be hydrophilic after HGFI modification.
AFM
A prominent feature of HGFI is its ability to self-assemble into amyloid mosaic rodlets. Figure 5D shows that rodlets are the most typical structure of the formed HGFI nanofilm. And the lengths of rodlets are about 100 to 200 nm, which is in accordance with the results reported in a related study [36] . Figure 6A and B show respective fluorescence images of the SMFs modified with HGFI and bare SMFs after they are immersed in GAR antibody labelled with FITC solution. Compared with bare SMFs, it is apparent that there are much more GAR-FITC antibodies evenly immobilised over the modified fibre surface. Thus, it is proved that HGFI allows for the formation of a self-assembled film on the fibre surface, which enables efficient immobilisation of the GAR antibody. Moreover, the adsorption capacity of the fibre surface could be actually neglected.
Fluorescent validation assay
In addition, we have compared the fibre surface modification method of using HGFI with other investigations. From the comparison results, it could be found that our proposed fibre surface functionalisation method based on HGFI has obvious advantages of being least time consuming and having the simplest operation [7, 9, 16, 17 ].
Detection of R antigens in a solution
During the whole experimental process, the optical transmission spectrum of the S-tapered fibre sensor is monitored in real time. Figure 7A shows the initial transmission spectrum of the S-tapered fibre immersed in HGFI, and Figure 7C -E show the typical spectral response evolution around 1495 nm for the HGFI modification and antibody-antigen reaction processes. Equation (2) indicates that for the cladding modes Δn eff would decrease with the reduction of surrounding RI, and λ m will move towards the shorter wavelength region accordingly [37] . Figure  7B shows the real-time relative interference dip shift at the particular wavelength. Due to the self-assembly of HGFI over the fibre surface, the individual transmission dip shows an initial blue shift of about 0.14 nm and then experiences another wavelength shift of about 1.17 nm due to the absorption effect of GAR antibody immobilised on the HGFI nanolayer. After the antibody is bonded with the fibre surface for 100 min, the transmission dip no longer exhibits observable wavelength shift, implying that the immobilisation process reaches a saturation stage. Eventually, R antigen could react with the GAR antibody on the fibre surface, causing the transmission dip to further move towards a shorter wavelength region by 1.02 nm in 90 min. Figure 8A gives the temporal evolution of relative wavelength shift. It could be found that compared with the GAR-R reaction process, the transmission spectrum only exhibits irregular fluctuations in wavelength shift when the fibre taper sensor is respectively exposed in air or immersed in PBS solution and GAM antigen solution, which indicates our proposed fibre taper sensor has good spectral stability and antigen specificity. Figure 8B shows the real-time relative interference dip shift as functions of observation time for individual sensors. Similar transmission dip response behaviours indicate that the proposed S-tapered fibre sensor is reproducible for detection of R antigen with good repeatability.
Sensor specificity and repeatability
Conclusions
We have proposed and experimentally demonstrated a label-free immunosensor based on HGFI-modified S-tapered fibre for monitoring the antigen-antibody interaction process. By applying the S-tapered fibre, both of the surface modification and antigen detection procedures could be monitored in real time. Experiment results indicates that the fabricated S-tapered fibre exhibits a detection limit of less than 1 μg/ml for antigens (IgG from rabbit) after being functionalised with HGFI and antibody.
To the best of our knowledge, in this study HGFI is employed for fibre surface functionalisation for the first time. Compared with the conventional methods based on electrostatic incorporation and silanisation, our proposed immobilisation scheme for biocompatible materials possesses such desirable advantages as ease of operation, fast response, good stabilisation, and no side effects. The distinguished capacity of HGFI nanofilm to bind antibodies with glass surfaces provides us with a competitive way to implement biocompatible interface modification. In this article, without the need of complex covalent chemical treatment procedure, IgG could be stably immobilised on the sensitive surface by interacting with HGFI within 100 min. Our further research effort would be put on combining HGFI with fusion proteins [26, 38] , which will further shorten the antibody immobilisation time. 
